Abbreviations : FISH, ‰uorescence in situ hybridization; Igf2, insulin-like growth factor II; FBS, fetal bovine serum; BrdU, bromodeoxyuridine; TSA, torichostatin A Biosci. Biotechnol. Biochem., 66 (5), [1046][1047][1048][1049][1050][1051] 2002 Replication Timing Properties within the Mouse Distal Chromosome 7 Imprinting Cluster Genomic imprinting is characterized by allele-speciˆc expression of genes within chromosomal domains. Here we show, using ‰uorescence in situ hybridization (FISH) analysis, that the large chromosomal domain of the mouse distal chromosome 7 imprinting cluster, approximately 1 Mb in length between p57 Kip2 and H19 genes, replicates asynchronously between the two alleles during S-phase. At the telomeric side of this domain, we found a transition from asynchronous replication at the imprinted p57 Kip2 gene to synchronous replication at the Nap2 gene. Two-color FISH suggested that the paternal allele of this whole domain replicates earlier than its maternal allele. Treatment of the cells with a histone deacetylase inhibitor abolished this allele-speciˆc feature accompanied with accelerated replication of the later-replicating allele at a domain level. Allele-speciˆc asynchronous replication was observed even in ES cells. These results suggest that this imprinting cluster consists of a large replication domain which is already found at the early stage in development.
Genomic imprinting is characterized by allele-speciˆc expression of genes within chromosomal domains. Here we show, using ‰uorescence in situ hybridization (FISH) analysis, that the large chromosomal domain of the mouse distal chromosome 7 imprinting cluster, approximately 1 Mb in length between p57 Kip2 and H19 genes, replicates asynchronously between the two alleles during S-phase. At the telomeric side of this domain, we found a transition from asynchronous replication at the imprinted p57 Kip2 gene to synchronous replication at the Nap2 gene. Two-color FISH suggested that the paternal allele of this whole domain replicates earlier than its maternal allele. Treatment of the cells with a histone deacetylase inhibitor abolished this allele-speciˆc feature accompanied with accelerated replication of the later-replicating allele at a domain level. Allele-speciˆc asynchronous replication was observed even in ES cells. These results suggest that this imprinting cluster consists of a large replication domain which is already found at the early stage in development.
Key words: genomic imprinting; replication timing; ‰uorescence in situ hybridization; mouse chromosome 7; ES cells Genomic imprinting is a marking process of the parental origin of chromosomes, resulting in allelespeciˆc changes in gene expression, chromatin structure, and replication within certain chromosomal regions. Many imprinted genes are clustered and their expression and replication are thought to be regulated at a chromosomal domain level. [1] [2] [3] FISH to interphase nuclei can be used to analyze the replication timing of any DNA segments in the small number of nonsynchronously growing cells. 4) Most gene probes give either two single or two double hybridization signals in each nucleus, indicating that both alleles of these gene sequences replicate synchronously at the speciˆc time in S-phase. For imprinted genes, however, one observes many nuclei with one single and one double dot, indicating asynchronous replication between their homologous alleles. 2, 5) Asynchronous replication of imprinted genes occurs at a parent-of-origin speciˆc manner and this pattern is found at a chromosomal domain level. 2, 5, 6) On the mouse distal chromosome 7, many imprinted genes are clustered. 3, 7) In this region, the insulinlike growth factor II (Igf2) and H19 genes have been extensively studied. Although the paternal allele of both genes replicates earlier than the maternal one, they are transcribed from the diŠerent parental alleles, indicating that asynchronous replication is independent of transcriptional activity of the imprinted genes. 5) Interestingly, allele-speciˆc replication timing of Igf2 has been shown to be established in the gametes and maintained during development. 8) However, it is not known how large this asynchronous replication domain is extended and whether such a domain is maintained during development.
In this paper, we examined the replication timing of the mouse distal chromosome 7 imprinting cluster by FISH. We found a transition from asynchronous to synchronous replication at the telomeric side of this domain. Some other features of this replication domain, including a factor aŠecting the replication timing, are described.
Materials and Methods
DNA probes and cell culture. A series of P1 clones including P1-A1 and P1-L2 random clones were isolated from a P1 library. 7 FISH-based replication assay. FISH was performed essentially as described previously.
10) Replication timing was determined in diŠerent types of cells by a FISH-based assay 4) with slight modiˆcations as described.
11) Each biotinylated probe was hybridized to methanol-acetic acid-ˆxed nuclei and detected by a green color with FITC-avidin (Roche Mol. Biochemicals). S-phase nuclei were simultaneously visualized by development of a red color through the detection steps of rhodamine-anti-mouse IgG (Roche) and monoclonal anti-BrdU (MBL) to incorporated BrdU. Slides were counterstained with DAPI and examined with a Plan-Apochromat 63x W 1.40 oil objective on a Zeiss Axioplan 2MOT ‰uorescence microscope (Carl Zeiss)ˆtted with a Zeissˆlter set for DAPI, FITC, and rhodamine. Signals were observed in more than 95z of interphase nuclei. Only slides with strong FISH signals and low background were scored. At least 200 S-phase nuclei were scored, and their signal patterns classiˆed as singlet-singlet (SS), singletdoublet (SD), or doublet-doublet (DD). Only clear round signals were scored as singlets. Extremely strong, large signals, and signals with rod-like or ovoid shapes were classiˆed as doublets. To test whether replication asynchrony based on signal patterns is signiˆcant or not, P (probability) was calculated and shown in theˆgures. All the signiˆcant results obtained in this study were within 99.5z condence levels ( Pº0.005; Student's t test).
Imaging. Fluorescent images were recorded with a cooled CCD camera (PentaMax 1317K-1, Princeton Instruments Inc.) mounted on a Zeiss Axioplan 2MOT microscope with a Plan-Apochromat 63 x W 1.40 oil objective controlled by IPLab Spectrum software (Signal Analytics Co.) on a Macintosh 9600 W 200MP computer. The images were pseudocolored and merged using an Adobe Photoshop 5.0J (Adobe System Inc.).
Results and Discussion

Replication timing of the mouse distal chromosome 7 imprinting cluster
To analyze the replication timing properties within the mouse distal chromosome 7, we used the FISHbased replication assay using a set of P1 clones (the map in Fig. 1 ). In this method, each probe gives two single dots in the individual nuclei before replication (SS) and two double dots when both alleles are replicated (DD). A high percentage of the DD pattern indicates earlier replication. When the genomic region has diŠerences in replication timing between the two alleles, we observe a higher percentage of the nucleus with one single and one double dot (SD). 4, 5) Nonsynchronously growing mouse lymphocytes from spleen stimulated with concanavalin A were assayed this way and the patterns of hybridization signals (SS, SD, DD) were scored for each probe on more than 200 BrdU-positive nuclei. Figure 1 shows that all the probes containing imprinted genes tested show a higher proportion of nuclei with asynchronous replication patterns (more than 20z SD), despite that the standard P1 and cosmid clones with synchronous replication patterns showing a lower SDz (º10z). The percentage of [SS+SD] for these probes was less than 50z, suggesting that both alleles of this region replicate in the early half of S-phase, since we scored only S-phase nuclei by BrdU detection. The P1 clones containing the Nap2 and M3 W 6 genes show a decreased percentage of the nuclei with an SD pattern similarly to standard clones, indicating synchronous replication between the two parental alleles. We found here a transition from asynchronous replication at the imprinted p57 Kip2 gene to synchronous replication at the Nap2 gene. Greally et al. found the other transition of this domain at H19 and the downstream Rpl23 gene.
12) The result of the M3 W 6 gene supports theirˆnding, and suggests the synchronous replication timing zone on the genome extends to this gene. Hence, our results in Fig. 1 indicate that this imprinting cluster, approximately 1 Mb in length between p57 Kip2 and H19 genes, forms a large domain that replicates asynchronously.
Allele-speciˆc replication of the mouse distal chromosome 7 imprinting cluster Our next question was whether this asynchronous replication domain was divided into smaller subdomains with diŠerent allele-speciˆc properties as demonstrated in the human chromosome 15q11-q13 imprinted region. 6) To address this question, we examined whether the probes within this region replicate coordinately on the same allele, by using a double-label protocol. If the two sequences on the same allele replicate coordinately, we expect to observe a large proportion of cells with two double-signals on one chromosome, and two single-signals on the other chromosome ( Fig. 2A) , and few cells with the opposite pattern (Fig. 2B) . The P1-8 probe containing Igf2 was labeled with biotin and detected by FITC-avidin, and the P1-probe containing another gene, e.g. Mash2, was labeled with digoxigenin and detected by rhodamine-anti-digoxigenin. The nuclei which the Igf2 gene showed a single-double (SD) replication pattern were analyzed for the patterns of the other probe. As H19 and p57 Kip2 are typically shown in Fig. 2C , a higher percentage of nuclei had a coordinate replication pattern, indicating that all the sequences examined replicate coordinately. Since several groups have already demonstrated that the paternal allele of Igf2 replicates earlier than its maternal one, 5) our results indicate that this whole domain has the same replication property. This is interesting because many genes in this domain are transcribed from their maternal allele (see Fig. 1F ).
Treatment of cells with a histone deacetylase inhibitor aŠects replication asynchrony of this imprinted domain
It has been demonstrated that histone deacetylase inhibitors aŠect human IGF2 asynchronous replication. 9) We therefore examined the eŠects of trichostatin A (TSA) on the replication timing of this domain in stimulated lymphocytes. As shown in Fig. 3 , this drug abolished replication asynchrony of the clones tested. The increase of DDz derives from the decrease of SDz rather than SSz, suggesting acceleration of the replication timing of the laterreplicating allele. Our results support the previous report, 9) and suggest that the eŠects of this drug occur at a domain level. Although its mechanism is not clear, inhibition of histone deacetylation may induce relaxation of chromatin structures on this laterreplicating allele and may cause such a phenomenon. EŠects of deacetylase inhibitors on transcription of Igf2 and H19 have been reported. [13] [14] [15] These studies done by the RT-PCR method suggest that the eŠects of these inhibitors depend on cell types and genes. Unlike gene transcription, DNA replication might be controlled at a large domain level.
Replication timing properties of this domain in ES cells
Replication asynchrony of Igf2 and some other imprinted genes has been shown to be maintained developmentally. 8) To understand this at a domain level, the probes shown in Fig. 1F were examined for their replication timing properties in ES cells. As shown in Fig. 4A , the probes in this domain had more than 20z of the SD pattern, while the SDz of the clones outside this domain were less than 10z. The pattern in ES cells is very similar to that obtained in lymphocytes: Mash2 and Igf2 replicate earliest and latest, respectively, within this asynchronous domain (see Fig. 1 ). Coordinate replication of this domain was also examined in ES cells by the same method as used in Fig. 2 . In both H19 and p57 Kip2 probes, the same parental allele with Igf2 showed earlier replication (Fig. 4B) . Together with the results in Figs. 1 and 2, these results strongly suggest that the paternal allele of this whole domain replicates early and that replication asynchrony of the imprinted gene regions has been established before the stage in which the imprinted genes show monoallelic expression. We have demonstrated here that the mouse distal chromosome 7 imprinting cluster forms a large replication domain. Although the paternal allele of this domain replicates earlier than the maternal one, the paternal allele itself may possibly be divided into subdomains which replicate at diŠerent times in S-phase. In fact, Mash2 replicates earliest and Igf2 replicates latest among the clones tested (Figs. 1 and 4) . However, their diŠerences in SSz are not so signiˆcant (¿10z), suggesting that this large domain replicates coordinately in the similar time zone in S- phase, even if it consists of small domains. Cleary et al. demonstrated that the elements near the Cdkn1c gene do not regulate the imprinted expression of the genes in the centromeric side of this domain, by introducing a site-speciˆc translocation into this imprinting cluster domain. 16) Their results and others suggest that this domain consists of diŠer-ent subdomains in transcription, although allelespeciˆc replication asynchrony is not always correlated with imprinted expression. 7, 16) Simon et al. found that the centromeric part of this human homologous region replicates synchronously in globin-expressing erythroblasts, while it replicates asynchronously in lymphoblasts andˆbroblasts. 17) It is likely that large replication domains may be divided into potential subdomains which are regulated their replication timing in a cell-type-speciˆc manner. Greally et al. demonstrated that targeting a part of the H19 gene body and its upstream region insulates the replication asynchrony of Igf2 and Ins2.
12) Detail analysis using mice as described above may provide important information to clarify the control mechanism of DNA replication timing at the domain level.
